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Executive Summary
Chiloquin Dam was constructed in 1914 on the Sprague River near the town of Chiloquin, Oregon. The dam was identified as a barrier that potentially inhibited or prevented the upstream spawning migrations and other movements of endangered Lost River (Deltistes luxatus) and shortnose (Chasmistes brevirostris) suckers, as well as other fish species. In 2002, the Bureau of Reclamation led a working group that examined several alternatives to improve fish passage at Chiloquin Dam. Ultimately it was decided that dam removal was the best alternative and the dam was removed in the summer of 2008. The U.S. Geological Survey conducted a long-term study on the spawning ecology of Lost River, shortnose, and Klamath largescale suckers (Catostomus snyderi) in the Sprague and lower Williamson Rivers from 2004 to 2010. The objective of this study was to evaluate shifts in spawning distribution following the removal of Chiloquin Dam. Radio telemetry was used in conjunction with larval production data and detections of fish tagged with passive integrated transponders (PIT tags) to evaluate whether dam removal resulted in increased utilization of spawning habitat farther upstream in the Sprague River. Increased densities of drifting larvae were observed at a site in the lower Williamson River after the dam was removed, but no substantial changes occurred upstream of the former dam site. Adult spawning migrations primarily were influenced by water temperature and did not change with the removal of the dam. Emigration of larvae consistently occurred about 3-4 weeks after adults migrated into a section of river. Detections of PIT-tagged fish showed increases in the numbers of all three suckers that migrated upstream of the dam site following removal, but the increases for Lost River and shortnose suckers were relatively small compared to the total number of fish that made a spawning migration in a given season. Increases for Klamath largescale suckers were more substantial. Post-dam removal monitoring only included 2 years with below average river discharge during the spawning season; data from years with higher flows may provide a different perspective on the effects of dam removal on the spawning migrations of the two endangered sucker species.
Introduction
Dams have been used for centuries to provide benefits such as impoundments for irrigation and drinking water, flood control, and hydroelectric power. Although dams often benefit people, the cost to the environment can be variable depending on the size and type of the dam. Dams physically alter river systems and can have negative effects on some aquatic and terrestrial organisms while enhancing the populations of others (Quist and others, 2005; Hoagstrom and others, 2007) . The natural process of flushing and redistribution of river sediments is interrupted by dams, often leading to altered instream habitat (Ligon and others, 1995) . Generally, native fish populations are negatively affected by habitat alterations whereas exotic species may benefit (Bunn and Arthington, 2002) .
Just as the early part of the 20th century was devoted to the building of dams, the last 30 years have been devoted to removing many of these aging structures. According to the U.S. Army Corps of Engineers, the 1960s was the peak of construction efforts, whereas relatively few dams have been built since the mid-1980s (Graf, 1999) . Most of the dam removal efforts have focused on small headwater dams, which make up the majority of dams in the United States (Poff and Hart, 2002; Stanley and others, 2002; Doyle and others, 2005; Brenkman and others, 2012) . Although it is often assumed that these small dams have minimal impacts on channel form and ecological processes, this has not always proven to be the case (Doyle and others, 2005) .
The effects of dam removal can be classified into two general categories: increased connectivity and altered habitat (Doyle and others, 2005) . Whereas the change in connectivity can have an immediate effect on migratory fishes, such as allowing them to pass upstream to potential spawning habitats, changes in habitat can take decades to resemble pre-dam conditions (Doyle and others, 2005) . If migratory fishes encounter altered habitat upstream of the dam site, conditions may not be suitable for spawning (Kareiva and others, 2000) .
Chiloquin Dam was located on the Sprague River 1.5 river kilometers (rkm) upstream of its confluence with the Williamson River and 19 rkm upstream of Upper Klamath Lake ( fig. 1) . The dam was constructed in 1914 to supply irrigation water for the Modoc Point Irrigation District. After its construction, the dam was fitted with three fish ladders to aid in fish passage; however, only one was functional when the dam was removed in August 2008. The functional ladder was built in 1966 and had been modified from the original pool and weir design, used for passage of salmonid populations, with baffle boards in an attempt to provide better passage for two long-lived, federally endangered catostomids, the Lost River sucker (Deltistes luxatus) and the shortnose sucker (Chasmistes brevirostris).
Limited fish passage at Chiloquin Dam was identified as one of the primary factors limiting the recovery of the populations of Lost River and shortnose suckers in Upper Klamath Lake (U.S. Fish and Wildlife Service, 2002; National Research Council, 2004; U.S. Fish and Wildlife Service, 2008) . Additionally, Chiloquin Dam probably affected the migratory patterns of other fishes found in the Sprague River drainage, including Klamath largescale suckers (Catostomus snyderi), redband trout (Oncorhynchus mykiss newberrii), and several species of endemic lamprey (Entosphenus spp.). In 2002, the Bureau of Reclamation (Reclamation) was authorized to study the feasibility of improving fish passage at Chiloquin Dam. A technical working group was formed with representatives from Federal, State, and local agencies and organizations. The working group reached consensus that dam removal would be the best fish passage alternative. Although existing data indicated that some endangered suckers successfully negotiated the Chiloquin Dam fish ladder under certain flow conditions, the working group 3 concluded that dam removal would improve access for all fish species in the Sprague River to upstream spawning and rearing habitat (Battelle Memorial Institute, 2005) . The amount of suitable habitat and the extent to which endangered suckers would use spawning and rearing habitat upstream of the dam was largely unknown at the time of the recommendation.
The objective of this multi-year study was to evaluate shifts in spawning distribution for suckers following the removal of Chiloquin Dam. This report is a synthesis of the key findings reported in several annual reports for sucker telemetry others, 2007a, 2007b; Tyler and others, 2007; and larval drift (Ellsworth and others, 2008 (Ellsworth and others, , 2009 (Ellsworth and others, , 2011 Ellsworth and Martin, 2012) . Radio telemetry was used to locate spawning areas and to determine the migration timing of spawning suckers. A series of remote detection systems for passive integrated transponder (PIT) tags installed in key locations provided supporting data on the distribution and timing of the spawning runs. Larval sampling data were used to determine shifts in spawning distribution by comparing the timing and density of larvae in the drift. We compared movement data collected before (2004-07) and after (2009-10) the removal of the dam in summer 2008 to determine whether dam removal improved sucker passage to spawning areas upstream of Chiloquin Dam. ) also were fitted with transmitters. We determined the sex, spawning condition, and fork length of each fish, and then implanted a 134 kHz full-duplex PIT tag prior to the attachment of a radio transmitter. Species and sex determination for each fish was based on morphological characteristics as described in Markle and others (2005) . Fish were fitted with external radio transmitters and released approximately 100 m upstream of the point of capture. We assumed, based on known life history characteristics for these and other closely related species, that upstream movement of these fish during this time of year was associated with spawning activity (Buettner and Scoppettone, 1990; Moyle, 2002) . Therefore, adult size catostomids captured at the fish ladder or in the lower Williamson River in pre-spawn condition were assumed to be on an upstream spawning migration. Most fish selected for tagging were in pre-spawn condition (no expression of gametes when lightly squeezed) and had not been previously handled in USGS adult monitoring efforts as indicated by the lack of a PIT tag.
Methods
Radio Telemetry
Fish were tagged and released over the duration of the spawning migrations through the Williamson River fish weir and the Chiloquin Dam fish ladder. Minimum fork length for fish selected for tagging was 350 mm. Each fish was fitted with a small external radio transmitter, Lotek MCFT-3A in 2009 and Grant Systems Engineering Pisces tags in all other years. Externally attached radio transmitters were used to minimize surgically induced stress and injury because the fish were preparing to spawn. Both types of tags had similar transmitting capabilities and size and weight characteristics. Battery life of each tag was estimated to be at least 8 to 10 weeks in all years except 2004; in 2004, battery life was estimated to be 4 to 6 weeks. Tags were programmed to transmit on up to four different frequencies ranging from 164.290 to 164.350 MHz with each tag set to generate a unique coded identifier. Field tests using these tags showed that codes could be determined at a distance of at least 100 m at ground level and 600 m from a plane flying at an altitude of 300 m.
Tagging protocols were consistent over the 6 years (2004-07 and 2009-10) except for the attachment materials used in 2004. Each fish fitted with a radio transmitter was first lightly anesthetized by placing it in a mixture of 0.1 g Tricaine Methanesulfonate (MS-222) to 1 L river water. The radio transmitters were attached externally to the fish at the dorsal fin by threading anchor material through the dorsal pterygiophores with a 15.2 mm, 14-gauge Rosenthal needle. The anchor material was passed through each fish twice for a double-posted attachment technique. Each end of the anchor material was crimped with a stainless-steel sleeve behind a 6.4-cm 2 plastic backer. In all years but 2004, the anchor material was 8.2-kg test nylon-coated, seven-strand stainless steel wire, and the nylon coating was burned off of the ends to allow a firm connection with the crimped sleeve. In early 2004, the same material was used but the coating was not burned off, which resulted in some premature tag loss because of a poor connection with the sleeve. In late 2004, 11.3-kg test monofilament was used for the anchor material as a temporary solution. Each tagged fish was allowed to recover in a holding tank with a dilute amount of StressCoat® solution for 30-60 minutes prior to being released.
Data collection.-Data for this study were collected using a combination of receivers in fixed locations as well as surveys by plane, boat, vehicle, and on foot. Our data collection strategy changed over time to increase cost-effectiveness, but changes did not compromise our ability to document spawning migrations and fish distributions (table 1). A Grant Systems Orion receiver and data logger was used at each fixed telemetry station to detect and record fish movements past the station. The reception of each receiver was tested by lowering a weighted radio transmitter to the bottom of the river at various locations near the station to ensure that a radio-tagged fish crossing in front of the station would be detected. The hardware and location of each fixed station was adjusted to maximize our ability to detect fish passing the station. Data were downloaded weekly to ensure the data loggers were working properly.
Aerial surveys were conducted on a weekly basis in a fixed-wing aircraft with a whip antenna (Model CI-177-1) attached to each wing strut of the plane. A Lotek SRX_400 receiver was used during aerial surveys to search for and locate fish with tags operating on the appropriate frequencies. Aerial surveys focused on the Williamson River up to Spring Creek at Collier Memorial State Park, the Sprague River up to the confluence of its North and South Forks, and the Sycan River up to Coyote Bucket Canyon ( fig. 1 ). When a fish was recorded passing one of the most upstream fixed stations, the aerial survey was extended past that station and into tributaries until the fish was located or until the surveyor determined that a structure presented an instream barrier to fish movement.
Daytime ground surveys by boat, vehicle, and on foot were conducted once a week in 2004-06, and regular boat surveys were conducted twice each week in 2009 and 2010. Surveys in 2004-06 were conducted in areas where aerial surveys indicated tagged fish were concentrating, whereas surveys in 2009 and 2010 were conducted as thorough searches between the Braymill fixed telemetry station and the Williamson River fish weir ( fig. 1; table 1 ). During the ground surveys, radio-tagged fish were located with a Lotek SRX_400 receiver and a handheld 4-element Yagi antenna. Visual observations of suckers in the river and of fish actively spawning were noted during each survey. Locations of radio-tagged fish and observable spawning activity were recorded using a Global Positioning System unit.
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Data analysis.-Migration destinations were assumed to be the farthest upstream location for each fish. Fish that moved downstream soon after tagging or remained in the general release location were assumed to be disturbed by the tagging procedure and these fish were removed from any analysis. Fish tagged from the ladder at the dam were analyzed separately from those tagged in the lower river to answer different questions. Fish tagged at the dam and released upstream of the dam were tracked to determine the farthest upstream extent of migration. The farthest upstream contacts indicated potential spawning locations upstream of the dam for fish that were helped to pass the dam. Contacts from fish tagged in the lower Williamson River were used to determine the distribution of spawning fish throughout the tributaries. Because fish collected in the lower river were tagged in 2005, 2007, 2009 , and 2010, we were able to make comparisons of spawning distributions before and after dam removal.
Detections of PIT-Tagged Fish
Fish tagging and data collection.-Thousands of adult suckers were captured using various methods and in various locations from 1995 to 2010 (Hewitt and others, 2011) . Each fish was scanned for the presence of a PIT tag, and when no tag was present one was inserted into the ventral musculature anterior to the pelvic girdle. Only 134 kHz PIT tags were included because 125 kHz tags could not be detected at all locations. We assumed that fish that migrated past the weir were on an upstream migration for spawning. For each year, we calculated the percentage of PIT-tagged suckers that passed the weir and were subsequently detected at remote antenna locations upstream. The percentages of fish that passed the weir and were later detected at the location upstream of the dam site provide an indication of the proportion of spawning fish that used spawning areas upstream of the dam site.
For comparison with larval drift data at selected sites ( fig. 1 and below), we used both detection data and physical captures to illustrate the timing of upstream migration for adult female suckers in that section of the river. The first encounter of any female at each location in each spawning season was included in plots for the following locations: Williamson River fish weir (weir trap captures and remote antenna detections were compared with larval drift at the Williamson site); Chiloquin Dam site (captures in the fish ladder at the dam and remote antenna detections were compared with larval drift at the Chiloquin site); and Braymill (remote antenna detections were compared with larval drift at the Beatty site). During the high water year of 2006, the weir was not effective at capturing fish and the arrays at the weir were not always effective at detecting fish remotely; PIT tag data are more limited in that year.
Larval Drift
Data collection.-Drifting larval suckers were collected in the lower Sprague and Williamson Rivers at up to six sites from 2004 to 2010 ( fig. 1 ). Sites were selected from available bridge crossings that facilitated sampling the river at the thalweg and provided representation of larval sucker emigration from known and suspected spawning areas. Sampling at all locations began prior to the detection of most adult suckers migrating upstream past the Williamson River fish weir or Chiloquin Dam. Sampling concluded after the number of larvae being collected had declined to just a few individuals per night and no new spawning activity had been observed for more than 4 weeks.
Drift samples were collected using plankton nets 2.5 m in length with a 0.3-m diameter circular opening supported by a stainless steel ring. Nets were constructed of 800 μm Nitex® mesh and were fitted with a removable collection cup with 500 μm Nitex® mesh windows. A General Oceanics Model 2030R flowmeter with a standard rotor was used to record water velocities at the mouth of the net at sites where water velocities were great enough to keep the net suspended in the water column. At sites where water velocities were not great enough to keep the net suspended in the water column, the net was modified with a PVC hoop fixed to the net opening and a polystyrene float fixed to the collection cup to keep the net horizontal in the water column and to keep the net from collapsing around the flow meter. A General Oceanics Model 2030R6 flowmeter with a low-velocity rotor was used to record water velocities at these sites. A 6-mm rope was attached to one side of the stainless steel ring at the opening of the net for deployment and retrieval from bridges. A pancake-shaped weight (either 3.6 or 4.5 kg depending on water velocity) was attached to the opposite side of the ring to hold the net opening perpendicular to the river flow. Drift samples were collected in the thalweg for 10 minutes from the downstream side of each bridge. Start and end times and flowmeter readings were recorded in the field for each sample. We collected drift samples three times a week on Sunday, Tuesday, and Thursday nights. Samples were collected at all sites from sunset to between 5 and 8.25 hours after sunset at 0.5-2.0 hour intervals. The sampling interval was determined primarily by travel time between sites because a single technician was responsible for samples at two sites each night.
Following the retrieval of a drift net, any larvae, eggs, or debris impinged on the sides of the net were rinsed into the collection cup. All material was then transferred into sample bottles and fixed in 10 percent formalin. Fish specimens and eggs were sorted from sample debris within 24 hours of collection. Fish specimens were enumerated, stored in 95 percent ethanol, and delivered to Oregon State University (2004-08) or kept at USGS (2009-10) for identification and measurement. Larvae were identified under magnification (2-10x) to the lowest possible taxonomic level using a key for larval fishes of the Upper Klamath Basin (Oregon State University, unpub. data, 2004) . Larval sucker species identification was based primarily on differences in pigmentation (dorsal melanophores), which generally allows for separation of Lost River sucker larvae from shortnose and Klamath largescale sucker larvae. Because the pigmentation patterns between shortnose suckers and Klamath largescale suckers are similar, we were unable to positively identify larvae of either of these species; therefore, larvae identified as either shortnose suckers or Klamath largescale suckers were combined and designated as shortnose/Klamath largescale for this report. Larval suckers exhibiting intermediate characteristics used to separate Lost River sucker larvae from shortnose/Klamath largescale larvae were designated as unidentified sucker larvae. Larvae that were damaged to the point where identification could not be made also were designated as unidentified sucker larvae.
Data analysis.-The occurrence and density of sucker larvae and eggs in the drift were compared across years in relation to patterns in the timing of adult sucker migrations, water temperature, and river discharge. For summary statistics in plots and tables, the time period included for each species at each site in each season began when larvae were first captured and ended on the date when the last capture occurred. Nightly densities for the plots were calculated as the total number of Lost River or shortnose/Klamath largescale sucker larvae captured divided by the total volume of water sampled in a night. To compare the general magnitude of drifting larvae among sites and years, we used the median of the non-zero density values as a measure of central tendency. Zero observations complicate simple summary statistics, but the frequency of zero observations can provide information about differences among sites and years. Therefore, we also report the percentage of zero observations at each site in each year. In all plots and summaries, densities of larvae in the drift illustrate the timing of larval emigration. Densities provide only coarse indications of differences in magnitude among sites and years because they are not corrected for differences in hydraulic conditions among sites or variation in discharge within and among seasons. Water temperature and discharge data were obtained from the Sprague River gage at rkm 8.7 (U.S. Geological Survey stream gage 11501000) and from the Williamson River gage at rkm 16.6 downstream of the confluence with the Sprague River (U.S. Geological Survey stream gage 11502500).
Results
Spawning Locations Upstream of the Dam Site
Suckers radio-tagged and released above the dam (2004-06) showed different likelihoods, depending on species, to travel upstream of their release point. Across the 3 years, 66 percent of the Klamath largescale suckers, 55 percent of the Lost River suckers, and 37 percent of the shortnose suckers captured at the dam migrated upstream of the release location in the impoundment above the dam (table 2). Of the fish that migrated upstream of the impoundment, the majority of Klamath largescale suckers migrated to Beatty Gap or one of the tributaries near Beatty Gap. A large percentage of radio-tagged shortnose suckers were never contacted upstream of the release site (44-79 percent), and of those that were only one (in 2005) migrated upstream of the Chiloquin Narrows ( fig. 1 ). Lost River suckers appeared to use more locations upstream of the dam than shortnose suckers, with 18-47 percent of the upstream migrants going to Beatty Gap or one of the tributaries near Beatty Gap. In contrast to shortnose suckers, 29-78 percent of the Lost River suckers that migrated upstream of the release site went above the Chiloquin Narrows.
Adult Sucker Spawning Migrations and Distribution
For suckers radio-tagged and released in the Williamson River, 42-100 percent of Lost River suckers and 3-14 percent of shortnose suckers were detected in the Sprague River in a given year (table 3) . The vast majority of shortnose suckers stopped somewhere between the weir on the Williamson River and the confluence with the Sprague River, and no shortnose suckers passed the dam site in any year. In all years but 2005, the farthest upstream contact for many of the shortnose suckers was at the weir site, and the fate of these individuals is uncertain (table 3) . No Lost River suckers passed the dam site prior to dam removal, but two Lost River suckers (3 percent) passed upstream of the dam site in 2009 and 7 (11 percent) did so in 2010. 8 Only three of the radio-tagged Lost River suckers (all from 2010) migrated upstream beyond the upper end of the section of the Sprague River that was impounded prior to dam removal. Klamath largescale suckers were only radio-tagged in the Williamson River in 2005, and only eight fish were tagged. None of these fish were detected in the Sprague River and only one was detected upstream of the weir in the Williamson River (Ellsworth and others, 2007a) .
Remote PIT tag antennas continuously detected PIT-tagged suckers throughout the spawning seasons in which they were operational. The number of Lost River and shortnose suckers detected on the antennas generally increased through time as more individuals in the populations were tagged (table 4). For Klamath largescale suckers, most individuals were tagged during sampling in the fish ladder at Chiloquin Dam. Once the dam was removed, the number of Klamath largescale suckers detected on the remote antennas declined as mortality or movement out of the area was not balanced by new tags being put out at other locations. The proportion of Klamath largescale suckers that passed the weir and were subsequently detected on antennas upstream of the dam site was higher than for either Lost River or shortnose suckers (table 4) . Furthermore, the proportion of Klamath largescale suckers that migrated upstream of the dam site increased greatly after dam removal to more than 45 percent in each year. The increase in the number of Klamath largescale suckers detected at Braymill relative to the antennas at and upstream of the dam site is due to the greater detection efficiency at the Braymill site. In contrast to the other river-wide arrays where the antennas lay on the river bottom (pass over), the antennas at Braymill stand up (pass through) in a narrower channel. Nonetheless, the numbers show that the vast majority of PIT-tagged Klamath largescale suckers that migrate to the dam site continue on into the upper Sprague River. Overall, more than 57 percent of the Klamath largescale suckers that passed the weir migrated to Braymill upstream of the Chiloquin Narrows in each year after dam removal.
A higher percentage of Lost River suckers (28-32 percent) than shortnose suckers (11-16 percent) that passed the weir were subsequently detected on the PIT tag antennas located just downstream of the dam site (table 4) . However, more of the shortnose suckers that migrated to the antennas downstream of the dam site continued on upstream of the dam site, such that the overall percentage of fish that migrated from the weir to the site upstream of the dam was similar between the two species. Although only a small percentage of either of the endangered species migrated to the antennas upstream of the dam site (≤ 7 percent), the percentage did increase for both species in the years following dam removal. Less than 1 percent of the Lost River and shortnose suckers that passed the weir in any year passed the remote antennas at Braymill, indicating that most of the endangered suckers that passed the dam site did not migrate much farther upstream. The PIT tag detections show that it is not the same Lost River and shortnose suckers passing the Braymill antennas each year. In both 2010 and 2011, more than 50 percent of the Lost River suckers detected at Braymill had not been detected there previously. The limited data on shortnose suckers showed that all 7 fish that passed Braymill in 2010 had passed those antennas in a previous year, whereas none of the 14 fish that passed Braymill in 2011 had done so previously.
Larval Sucker Emigration
Larval drift samples were collected at up to six locations during the study. In general, sucker larvae were collected in the highest densities at the Williamson site, followed by the Chiloquin and Beatty sites (table 5) . Sampling at the sites between Chiloquin and Beatty-Power Station, Lone Pine, and Sycan-generally yielded few or no sucker larvae and are not discussed further. We observed an increase in the densities of drifting larvae over time at the Williamson site, particularly in the 2 years following dam removal. The greatest annual median density of larvae at the Williamson site occurred in 2010 for Lost River suckers and 2009 for shortnose/Klamath largescale suckers. In contrast, larval densities were lower and generally similar through time at the Chiloquin and Beatty sites, and no increases in density were apparent in the years following dam removal (table 5). We did note that the annual median densities for Lost River sucker larvae were highest at the Beatty and Sycan sites in 2006 (table 5) , a year with particularly high river discharge during the spawning season ( fig. 2) .
Compared to densities of larvae in the drift, the density of sucker eggs was much lower and without pattern at sites other than the Chiloquin site. The Chiloquin site was located just downstream of a known spawning area between the confluence of the Williamson and Sprague Rivers and the dam site (because of this proximity, larval drift occurred earlier in the night at this site as well; Ellsworth and Martin, 2012) . We observed a substantial three-to four-fold increase in the density of drifting eggs at the Chiloquin site in 2009, the year following dam removal. Egg densities in 2010 at this site were similar to densities in 2007 and 2008 prior to dam removal. The lowest egg densities were observed in 2006, the year with high river discharge.
We examined the timing of spawning migrations for PIT-tagged adult female suckers in each year to compare with the timing of larval drift. Based on the first encounters of individuals in a given season, the timing of the migrations varied among years primarily due to differences in water temperature. Klamath largescale suckers always migrated first, followed by Lost River suckers and then shortnose suckers (figs. 3-6). Klamath largescale suckers began their spawning run when water temperatures were about 8ºC, whereas Lost River suckers began their spawning runs at 10ºC and shortnose suckers began their spawning runs at 12ºC. Lost River and shortnose suckers appeared to spawn between the beginning of April and the end of June, with the majority spawning mid-April to mid-May, while Klamath largescale suckers could start moving upstream as early as February.
At the Williamson and Chiloquin sites, Lost River sucker larvae generally were captured in May and early June, earlier than shortnose/Klamath largescale sucker larvae (figs. 3-6). The separation was most pronounced at the Chiloquin site. Although the shortnose/Klamath largescale sucker larvae at the Williamson and Chiloquin sites may be a mix of the two species, the larvae appear to follow the migration of adult female shortnose suckers and we concluded that they are predominantly shortnose sucker larvae. Larval drift at Beatty occurred a month earlier than at the Williamson and Chiloquin sites, typically ending by late May or early June (figs. 7 and 8). Timing of emigration for Lost River sucker larvae and shortnose/Klamath largescale sucker larvae generally was similar at the Beatty site, with a more protracted drift period compared to the Williamson and Chiloquin sites. The emigration of Lost River sucker larvae at the Beatty site also was most protracted in 2006, a year with particularly high discharge ( fig. 7) . The timing of drift for shortnose/Klamath largescale sucker larvae at Beatty appeared to follow the migration of adult female Klamath largescale suckers past the Braymill PIT tag antennas ( fig. 8) . Combined with the fact that few PIT-tagged shortnose suckers were detected at the Braymill antennas, we concluded that the larvae collected at Beatty were Klamath largescale suckers. In general, larval suckers were collected in the drift at a site about 3-4 weeks after adult females migrated into that section of the river, with the delay for shortnose suckers being somewhat longer than for Lost River suckers. A stark exception to this pattern was the timing of larval drift for Lost River suckers at Beatty, where larvae were collected in the drift during the same time period when PIT-tagged females were detected at the Braymill antennas about 100 rkm downstream (fig. 7 ).
Discussion
Although it was hypothesized that Lost River suckers and shortnose suckers would utilize more spawning areas upstream of Chiloquin Dam once it was removed, PIT tag data showed only a small increase in the percentage of individuals passing the dam site in the 2 years after removal. The information from radio-tagged fish corroborated the PIT tag findings that the vast majority of endangered suckers did not migrate upstream beyond the former impoundment area above the dam site. Furthermore, larval sampling did not show any substantial changes in the densities of drifting larvae among sites upstream of the dam after removal. However, we did observe increased larval densities at the Williamson site, well downstream of the former dam in the 2 years following dam removal. We do not know whether the increased larval densities at this site were associated with the removal of the dam. Throughout the study, the majority of larvae were collected at the Williamson site, followed by the Chiloquin and Beatty sites. This larval drift pattern supports the conclusion that the majority of Lost River and shortnose suckers continued to spawn downstream of the former dam site.
Prior to the removal of Chiloquin Dam, a lake wide telemetry study showed only one Lost River sucker (3 percent) and one shortnose sucker (2 percent) fitted with internal transmitters to have passed upstream of the Chiloquin Dam (Banish and others, 2007) . Similarly, in this study, none of the radio-tagged Lost River or shortnose suckers passed upstream of the dam prior to dam removal. After dam removal, only three Lost River suckers migrated upstream of the former impoundment above the dam site, and none of them reached the Chiloquin Narrows. We conclude that most of the increase in spawning of endangered suckers upstream of the dam site following dam removal was restricted to the river section downstream of Chiloquin Narrows, and this is supported by PIT tag detection data showing that the vast majority of PITtagged individuals that passed the former dam site were not detected at the next upstream antennas at Braymill. We anticipated that the small contingent of endangered suckers that did migrate upstream of Braymill would be composed of the same individuals each year, but PIT tag data did not support this idea. Although Klamath largescale suckers appeared to spawn primarily in the upper reaches of the Sprague River, the vast majority of Lost River and shortnose suckers spawned in the Williamson River and the Sprague River downstream of the dam site.
Our study did not find any substantial increases in habitat use by Lost River or shortnose suckers upstream of the dam site following dam removal, but we only monitored sucker movements and larval drift for 2 years after the dam was removed. Other dam removal studies have shown that sometimes decades are required for restoration of habitat and ecological functions after dam removal (Feld and others, 2011; Helms and others, 2011) , although some systems stabilize within a few years (Kanehl and others, 1997; Catalano and others, 2007) . Catalano and others (2007) speculated that short-term studies after dam removal do not necessarily show changes in spawning behavior of long-lived species with slow rates of population increase. Consequently, changes in spawning behavior for Lost River and shortnose suckers in the Williamson and Sprague Rivers may not be detected for many years. Furthermore, 11 river flows were relatively low in the two study years that followed dam removal (2009 and 2010) , so results from those years may not be representative of potential future habitat use. Burdick and Hightower (2006) found that use of upstream habitats by anadromous fishes following dam removal was dependent on river flow. Similarly, we observed increased larval densities of Lost River suckers at the Beatty and Sycan sites in 2006, a particularly high water year, and adult sucker monitoring efforts found a substantial increase in the number of Lost River suckers at the Chiloquin Dam in that year (Hewitt and others, 2011) . Although Lost River suckers appeared to migrate farther upstream in the high water year of 2006, shortnose suckers did not show the same trend. This indicates that shortnose suckers may prefer to spawn in the lower river while Lost River suckers will take the opportunity to spawn farther upstream when flow conditions allow.
Although the amount of time required for the restoration of ecological function after dam removal is often dependent on the size and function of the dam, another key issue is the amount of sediment that was retained by the dam. Doyle and others (2005) indicated that geomorphic response, such as the effects of sediment deposition, should be most noticed directly adjacent to the dam site, with effects decreasing exponentially with both distance and time. Thomson and others (2005) concluded that ecological restoration was dependent on the rate of transport of fine sediment downstream, which depends on the amount of sediment initially impounded by the dam and flow conditions after dam removal. The Chiloquin Dam was a low-head irrigation diversion structure estimated to have 45,000 cubic yards of sediment trapped in the impoundment upstream of the dam (Battelle Memorial Institute 2005). Doyle and others (2003) noted that once sediment is transported downstream, the magnitude and duration of its effects can vary greatly. Removal of other small low-head dams has often led to short-term problems associated with increased sedimentation that often stabilize after about a year (Shuman, 1995; Stanley and others, 2002; Ahearn and Dahlgren, 2005; Helms and others, 2011) With the exception of Lost River suckers at Beatty, our study found that larval drift of all three suckers occurred about 3-4 weeks after adult suckers migrated into a section of river. The June sucker (Chasmistes liorus), another endangered lakesucker, has shown a similar time frame of about 3 weeks from spawning to larval drift (Modde and Muirhead, 1994; U.S. Fish and Wildlife Service, 1999) . The timing of larval drift for Lost River suckers at Beatty is a strong exception to the general pattern observed at the other sites. Adult female Lost River suckers with PIT tags were detected migrating past antennas at Braymill at the same time that larvae were drifting at the Beatty site, about 100 rkm upstream. Furthermore, the production of Lost River sucker larvae at this site is substantial and comparable in some years to densities observed at the Chiloquin site. This suggests that the vast majority of Lost River suckers spawning upstream of the Beatty site have not been tagged. There are two possible explanations for this scenario, and they are not necessarily mutually exclusive. Lost River suckers that spawn at Beatty may be a unique contingent of the population that migrates before our sampling efforts begin. We consider this to be unlikely as the sole explanation because our adult sampling often started in midFebruary. Because larvae generally were first detected at Beatty in late March or early April, we would expect that our sampling and the upstream migration of fish that produced those larvae would have overlapped to some extent. Although Perkins and others (2000) mentioned an early migrating contingent of Lost River suckers, their data were similar to what we observed in 2006 when a few Lost River suckers began their migration as early as mid-March. The other explanation is that Lost River suckers that spawn at Beatty are resident in the upper Sprague River and have therefore never been available to our sampling program. Anecdotal evidence exists to support this explanation and future efforts to PIT tag spawning adults in the upper Sprague River may be worthwhile. For example, Larry Dunsmoor of the Klamath Tribes observed Lost River suckers spawning at Kirk Spring in the upper Sprague River in the third week of March in 1995 (Perkins and others, 2000) . This coincides with when we would expect Lost River suckers to spawn at Beatty to produce drifting larvae in April and May. It also is possible that Lost River suckers spawning upstream of the Beatty site are a combination of migrants from Upper Klamath Lake and residents in the upper Sprague River. The pattern of larval drift in some years (for example, 2006, 2010) appears to be bimodal and larvae drifting at Beatty late in the season may be migrants from Upper Klamath Lake.
We found that the timing of sucker spawning migrations was linked to increasing water temperatures and that each species began migration at a slightly different temperature, consistent with studies on other Catostomus species (Dence, 1948; Brown and Graham, 1954; Geen and others, 1966; Corbett and Powles, 1983; Modde and Muirhead, 1994) . Throughout our study, Klamath largescale suckers began migration before Lost River and shortnose suckers and went the farthest upstream. After the removal of Chiloquin Dam, there was a substantial increase in the number of Klamath largescale suckers migrating upstream past the former dam site. Lost River suckers migrated next and used more spawning habitat upstream of the location of Chiloquin Dam than shortnose suckers. For the two endangered species, increases in the use of spawning habitat upstream of the dam site after removal were far less than we observed for Klamath largescale suckers, and appeared to be restricted to the section of river downstream of Chiloquin Narrows. Nonetheless, removal of Chiloquin Dam restored connectivity with potential spawning habitat upstream. Future monitoring, particularly in years with high river flows, could determine whether the endangered suckers make use of this habitat. [Sampling locations are shown in figure 1. Annual median densities were based on all non-zero nightly densities between the first and last capture of larvae of a given species in a season. The number of non-zero samples for a season is given in parentheses and the percentage of samples with no larvae are given below] 
